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Abstract A fast microchip electrophoresis—nano-electrospray
ionization-mass spectrometric method (MCE-nanoESI-MS)
was developed for analysis of amino acids in biological sam-
ples. A glass/poly(dimethylsiloxane) hybrid microchip with a
monolithic nanoESI emitter was used in the platform. The
proposed MCE-nanoESI-MS analytical method showed high
separation efficiency for amino acids. Baseline separation of an
amino acid mixture containing Lys, Arg, Val, Tyr, and Glu was
completed within 120 s with theoretical plate numbers of
>7,500. The method was applied to study cellular release of
excitatory amino acids (i.e., aspartic acid (Asp) and glutamic
acid (Glu)) under chemical stimulations. Linear calibration
curves were obtained for both Asp and Glu in a concentration
range from 1.00 to 150.0 uM. Limits of detection were found to
be 0.37 uM for Asp and 0.33 uM for Glu (S/N=3). Assay
repeatability (relative standard deviation, n=6) was 4.2 and
4.5 %, for Asp and Glu at 5.0 uM, respectively. In the study
of cellular release, PC-12 nerve cells were incubated with
alcohol at various concentrations for 1 h. Both extra- and
intracellular levels of Asp and Glu were measured by the
proposed method. The results clearly indicated that ethanol
promoted the release of both Asp and Glu from the cells.
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Introduction

Microfluidic devices have been gaining a broad interest in
chemical and biological applications [1]. Coupled with selective
and sensitive mass spectrometric detection (MS), these devices
have a great potential in bioanalytical applications [2-4]. Mi-
crochip electrophoresis (MCE), a miniaturized format of capil-
lary electrophoresis (CE) performed on a microfluidic chip,
offers high separation efficiency, high throughput sampling,
and many advantageous microfluidic features. Because of the
low flow rate of the effluent from MCE separations (normally at
~25 nL/min), coupling MCE with mass spectrometric detection
is very different from and technically more difficult than cou-
pling other microfluidic devices where liquid flows are gener-
ated and controlled by using syringe (or air pressure) pumps. In
the majority of these works, electrospray ionization (ESI)-MS
was employed by virtue of the simplicity of the interface.
Various electrospray configurations including spraying from
the flat end of the microchip and monolithically integrated
ESI emitter, two independent emitters, and a multinozzle emit-
ter array in glass microchips were reported [5-8]. Integrated
polymer SU-8 and poly(dimethylsiloxane) (PDMS) membrane-
based microfluidic emitter were recently fabricated and evalu-
ated [9, 10]. More details on coupling of microfluidic devices
with MS can be found in recent reviews [11, 12].

Amino acid analysis is an important analytical application
in biomedical research, clinical practice, and industrial pro-
cess. Levels of intracellular excitatory amino acids have been
intensively studied due to their association with various med-
ical conditions [13—17]. Aspartic acid (Asp) and glutamic acid
(Glu) are excitatory neurotransmitters in the central nervous
system that work to stimulate the brain [18]. Numerous stud-
ies have shown that ethanol influences Asp and Glu release in
various brain regions [19-25]. There has been a continued
interest in the development of reliable, rapid, and accurate
methods for the determination of amino acids from cellular
release for diagnostic and research purposes [26—28]. Quanti-
fication of excitatory amino acids by HPLC [29-31], CE
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[32-36], and microfluidic techniques [37, 38] has been report-
ed. As far as we know, in spite of all the advantages, quanti-
fication of amino acids by MCE-MS has not been reported
so far.

We herein report the development of an MCE-MS method
for analysis of amino acids. A glass/PDMS hybrid microchip
with a monolithic nanoESI emitter was deployed. An auxiliary
channel intercepting with the MCE separation channel at an
angle of 45° was integrated into the microchip transporting a
make-up fluid (MUF) generated by a syringe pump at
~100 nL/min to facilitate the MCE-MS coupling. The pro-
posed MCE-MS method was evaluated for fast separation of
amino acids. The separation efficiency, assay reproducibility,
detection sensitivity, and linearity of the signal-concentration
relationship were investigated. Further, this method was ap-
plied in studying excitatory amino acid release by PC-12 cells
exposed to ethanol.

Experimental section

Reagents and materials PDMS prepolymer and the curing
agent were purchased from Dow Corning (Midland, MI).
Fused silica capillaries (254 um ID, 360 pm OD) were
obtained from Polymicro Technologies (Tucson, AZ). Glass
slides were obtained from Silicon Valley Microelectronics
(Santa Clara, CA). Hexamethyldisilazane (HMDS) was from
Ultra Pure Solutions (Castroville, CA). Amino acids were
purchased from Sigma-Aldrich Chemical (St. Louis, MO).
All reagents used were of analytical grade. Milli-Q water
was used throughout the work. All solutions were filtered
through a nylon 0.22 um syringe filter before use.

Microchip fabrication Design of the microchip is shown in
Fig. 1a. The chip was composed of a PDMS cover and a glass
substrate bearing the channels. The procedure used to create
channels was similar to that we reported previously [39].
Briefly, a design on a photomask with microchannels was
transferred onto the glass substrate by means of UV exposure.
The channels (60 um wide and 20 um deep) were etched into
the substrate in a well-stirred bath containing diluted HF/
NH4F/HCL. To create a PDMS cover, HMDS was applied
onto a silicon wafer with a pipette. The wafer was spun at
2,000 rpm for 30 s to completely dry off the liquid. A mixture
of PDMS prepolymer and curing agent (10:1) was degassed
under vacuum. A small amount of the mixture was applied
onto the silicon plate and spun at 2,000 rpm for 50 s to obtain a
thin layer of ~100 um in thickness. At this time, a platinum
electrode was placed at the location as shown in Fig. la. After
2 h curing at 50 °C, a cofferdam (~2 mm deep) was placed on
top of the first layer of the PDMS cover and filled with the
prepolymer mixture, but leaving a ~5-mm-long section on the
cover's edge uncovered. After 3 h curing, the PDMS cover
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Fig. 1 Microchip design and experimental setup. (A) A schematic
diagram of the microchip and system setup in this study. (B) A micro-
scopic image of a monolithic nanoESI emitter prepared in this work.
(C) A picture of the MCE-MS analytical platform

was removed from the silicon plate. Access holes of 3-mm
diameter were drilled on the PDMS cover at channel termi-
nals, forming four reservoirs. The microchip was made by
bonding the glass substrate and the PDMS cover together
through heating for 5 min via an air plasma cleaner (10.5 W
and 500 mTorr, Harrick Plasma, Ithaca, NY). The nanoESI
emitter was formed at a corner of the microchip by ~100 pum
PDMS cover and beveled glass substrate as shown in Fig. 1b.

MCE-nanoESI-MS assay The system consisted of an ion
trap mass spectrometer equipped with an ESI source and a
syringe pump (LCQ Deca, ThermoFinnigan, San Jose, CA),
the microchip prepared above, and a multichannel high-
voltage power supply. The syringe pump was used for MUF
delivery. Xcalibur software (ThermoFinnigan) was used to
control the mass spectrometer and process MS data. House-
written software was used for controlling the potentials ap-
plied to the microchip for MCE operations. MS detection
parameters were optimized in positive mode and selected as
follows: ion source voltage was 0 V; a relative collision energy
of 25 % was used for MS/MS experiments with an isolation
width of 1.0 u; and the activation time was set at 30 ms. The
microchip was placed on an XYZ-translational stage and
positioned in front of the MS orifice (the nanoESI emitter tip
was about 1 mm away from the orifice) as shown in Fig. 1c.
To inject sample, potentials of 450, 400, 0, and 600 V were
applied at reservoirs 1, 2, and 3 and pt (as labeled in Fig. 1a)
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for 15 s, respectively. After sample injection, the potentials
were changed to 3,050, 1,600, 1,600, and 1,500 V, respective-
ly, to start the MCE-MS assay. At the same time, MS data
acquisition was also started. MCE running buffer was a mix-
ture of methanol/water (1:1) containing 25 mM acetic acid/
ammonium acetate buffer at pH 4.3. Make-up fluid was the
same buffer at a flow rate of 100 nL/min.

Study on release of excitatory amino acids from PC-12 cells
exposed to ethanol PC-12 cells were cultured in complete
RPMI medium supplemented with 10 % heat-inactivated horse
serum and 5 % FBS. Cells were routinely subcultured every 4—
5 days. To investigate the ethanol effects on the release of
excitatory amino acids, 50 L cell suspension (2x10° cells/
mL in phosphate-buffered saline (PBS) solution) was added to
150 puL PBS solution containing ethanol at 0, 0.1, 0.5, 0.7, and
1.0 % (v/v) and incubated for 1.0 h at 37 °C. After incubation,
cells were spun down. The PBS supernatant was completely
transferred to another vial for analysis. The cell pellet was
suspended in 100 uL PBS and sonicated. After centrifugation
at 10,000 rpm for 10 min, the supernatant was collected and
diluted 50 times with PBS solution. All samples were filtered
through a 0.22-pum membrane filter prior to MCE-MS analysis.

Safety considerations All high-voltage connections were
carefully shielded, and instrument and electrically conduc-
tive parts were grounded.

Results and discussion

Microchip design and fabrication We recently reported a
microchip design that integrated a pressure-driven make-up
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Table 1 Repeatability study of the proposed MCE-MS assay
Standard mixture ~ Added (uM) Measured (UM) RSD (%)
Asp Glu Asp Glu Asp Glu
#1 5.0 5.0 4.8 5.1
5.0 4.7
5.2 5.1 42 45
5.1 4.8
4.7 4.7
52 5.2
#2 50.0 500 52.1 50.3
50.1 473
49.5 49.4 43 33
54.9 52.0
52.4 49.8
49.5 51.5

flow into the MCE-MS system to facilitate the MCE-MS
coupling [40]. To improve the separation efficiency, the
channel features were fabricated in a glass substrate in this
work. In addition, a monolithic nanoESI emitter was
deployed. To achieve a stable nano-electrospray, the tip
surface area of the nanoESI emitter must be minimal. There-
fore, a corner of the glass substrate (i.e., the fluidic exit of the
microchip) was beveled before the channels were etched.
The PDMS cover was also fabricated by using the multilayer
soft lithography technique [41] to make it very thin
(~100 pum) at the section of the emitter tip. The combined
thickness of the emitter (i.e., beveled glass substrate and the
thin PDMS cover) was <250 wm which was well suited for
nano-electrospray. It was found in this work that the

Fig. 2 MCE-MS separation of RT:0.03 - 3.49
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Fig. 3 Electropherograms from the proposed MCE-MS quantification Extracted mass electropherogram of m/z 148 for Glu from (A). (D) and
of Asp and Glu in PC-12 cells. (A) TIC of m/z 134 and 148. (B) (E) MS? spectra of Asp and Glu, respectively, verifying the peak
Extracted mass electropherogram of m/z 134 for Asp from (A). (C) identities. MCE-MS conditions were as in Fig. 2

monolithic emitter such made was very efficient to generate  level. The emitter was also durable. In a test of 1 h contin-
nano-electrospray from flows at flow rates at the 100-nL/min ~ uous spraying, repeatability of MS background signals
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Fig. 4 Ethanol influence on Asp and Glu release from PC-12 cells: extracellular (A) and intracellular (B) Asp and Glu levels in PC-12 cultures
exposed to ethanol (at various concentrations) for 1 h. MCE-MS assay conditions were as in Fig. 2. *p<0.05, n=3
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(relative standard deviation (RSD)) was 2.7 % (n=100),
indicating a stable nanoESI process was achieved during this
extended time period.

MCE-nanoESI-MS analysis of amino acids To evaluate the
proposed MCE-MS analytical platform for amino acid anal-
ysis, a mixture of five amino acids, including Lys, Arg, Val,
Tyr, and Glu, was analyzed with the MS detector set for full
scan from m/z 80 to m/z 250. Figure 2 shows the total ion
count (TIC) electropherogram obtained. As can be seen, the
five amino acids were baseline separated within 120 s. The
electrophoretic peaks were very narrow, indicating high sep-
aration efficiency. Theoretical plate numbers (N=16 (tg/wp)?)
were calculated to be >7,500 for all of the compounds sepa-
rated. Analytical figures of merit were studied for the analysis
of amino acids, taking Asp and Glu as model analytes. Stan-
dard curves were prepared by analyzing a series of standard
mixtures of Asp and Glu at various concentrations ranging
from 1.00 to 150 puM. Transitions m/z 134—88 and m/z
148—102 were used for quantification of Asp and Glu, re-
spectively. The following calibration curves based on peak
height versus analyte concentration were obtained:

Asp Y = 0240 X + 0.052 = 0998

Glu Y = 0319 X + 0.022 2 = 0.997

where Y was peak height, and X was analyte concentration in
micromolar. Detection limits (S/N=3) were estimated to be
0.37 and 0.33 uM for Asp and Glu, respectively. This assay
sensitivity is comparable with those of HPLC-MS methods, but
far better than those of CE-MS methods [42]. Although it is not
as sensitive as the CE methods with laser-induced fluorescence
or electrochemical detection [28, 32-36], the present method
has the capability of peak identification because MS detection
offers structural information of the compounds detected, which
is essential in many cases of analyzing biological samples.
Assay repeatability was determined by repeatedly analyzing
two standard mixtures of Asp and Glu (5.0 and 50.0 uM each,
respectively) for six times. The results are summarized in
Table 1. RSDs were 4.2 and 4.5 % for Asp and Glu at
5.0 uM, respectively. Reproducibility of the migration times
(RSD, n=6) was 1.70 % for Asp and 1.57 % for Glu. As far as
we know, there have been no reports on quantification of amino
acids by using a MCE-MS method [28].

Release of Asp and Glu from PC-12 cells exposed to
ethanol Although ethanol effects on glutamate release in
various brain regions were studied intensively [19-25], no
reports have been seen on similar in vitro studies with neu-
ronal models. We applied the present MCE-MS/MS method
to study ethanol-stimulated release of Asp and Glu from PC-
12 cells. Cells were incubated with PBS containing ethanol
at concentrations ranging from 0 to 1 % (v/v) for 1 h. The

results from a trypan blue assay of the cell cultures confirmed
that no changes in cell viability were caused by the incuba-
tion. After incubation, cells were spun down and the super-
natant was collected and analyzed to determine the extracel-
lular levels of Asp and Glu. The cells were resuspended in
PBS and lysed by sonication for quantification of intracellular
Glu and Asp. A typical electropherogram obtained from these
analyses is shown in Fig. 3. The MS detector was set for
selected ion monitoring (m/z 134 and 148), and thus, very
clean electropherograms were obtained. From the TIC electro-
pherogram (Fig. 3a), Asp and Glu were well separated within
120 s. Peak identities were confirmed by the MS? spectra
(Fig. 3d, e). The analytical results of both intra- and extracellu-
lar Glu and Asp levels are summarized in Fig. 4. As can be
seen, the extracellular levels of both Glu and Asp increased as
ethanol concentration increased while the intracellular levels
decreased. These results clearly indicated that ethanol promoted
the release of Asp and Glu from the PC-12 cells.

Conclusions

An MCE-nanoESI-MS was developed for fast quantification
of'amino acids. New features of the microfluidic chip used in
the MCE-MS platform included an easy-to-make monolithic
nano-electrospray emitter. By the proposed MCE-MS meth-
od, baseline separation of Lys, Arg, Val, Tyr, and Glu was
achieved within 120 s, which was much faster than the abso-
lute majority of separations reported previously for amino
acids. Limits of detection were found to be 0.37 pM for Asp
and 0.33 uM for Glu (S/N=3). The method was employed to
study the release of Asp and Glu from PC-12 cells exposed to
ethanol. It was found that ethanol promoted cellular release of
both amino acids, and further, the influence was concentration
dependent. This work showed that the proposed MCE-
nanoESI-MS method might have a potential for fast quantifi-
cation of amino acids in various applications.
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